We describe a fully ultra-high vacuum compatible scanning tunneling microscope (STM) optimized for radiofrequency signals. It includes in-situ exchangeable tips adapted to high frequency cabling and a standard sample holder, which offers access to the whole range of samples typically investigated by STM. We demonstrate a time resolution of 120 ps by using the nonlinear I(V )-characteristic of the surface of highly oriented pyrolithic graphite. We provide atomically resolved images in pulse mode related to a spatially varying nonlinearity of the local density of states of the sample, thus, demonstrating the possible spatial resolution of the instrument in pulse mode. Analysis of the noise reveals that changes in the tunneling junction of 50 pA are dynamically detectable at 120 ps time resolution.
The STM is one of the few tools that enables imaging with atomic resolution. However, it is complex to combine its unmatched spatial resolution with a high time resolution, since the measurement bandwidth of common high-gain current amplifiers does typically not exceed a few kilohertz at a sufficient noise level. 1 In order to overcome these limits, Nunes and Freeman combined an STM with the pump-probe technique known from time resolved optical probing. They examined the cross correlation current of two photo gated voltage pulses applied to the sample 2 and demonstrated 20 ps time resolution combined with 1 nm spatial resolution.
3 Their high temporal resolution relies on the careful guiding of the voltage pulses on the sample towards the tunneling junction by the use of impedance matched transmission lines. Thus, their approach is not versatile with respect to sample preparation. Recently, S. Loth et al. detected electron-spin relaxation with atomic resolution using an all-electrical pump-probe scheme and a standard, thus, versatile STM system. 4 In their work the shortest measured relaxation times were 50 ns using a probe pulse width of 100 ns. Later, another group reported an all electrically achieved time resolution of 300 ps with atomic resolution, but again using ex-situ prepared strip-lines on the sample side. 5 Here, we present a home-built STM head using radiofrequency (RF) optimized tips, which achieves a time resolution of 120 ps while maintaining atomic resolution and relying on versatile sample holders. The time resolved response detected by a lock-in amplifier is reproduced by a parameter-free simulation based on the measured I(V )-curve of the tunneling junction. While the presented experiments are performed at ambient conditions providing a resolution in current change of 50 pA, the STM is fully compatible with ultra-high vacuum (UHV), low temper- ature (5 K) and high magnetic fields since only slightly modified with respect to established designs. 6 Tunneling tips and samples are exchangeable in-situ and the sample holder is identical to that used for conventional STM giving full access to the plethora of known UHV sample preparation methods as well as coating of the tip by ferromagnetic or anti-ferromagnetic materials for the purpose of spin-polarized STM. Figure 1(c) shows a cross-section of the microscope scan head. The design is similar to a conventional Pandesign STM, 6, 8 but features two conceptional differences. Firstly, the position of tip and sample are exchanged. The sample holder is mounted on the piezo tube scanner on the bottom side and the tip holder is fixed rigidly on the upper side, such that we can use rigid coaxial wiring for the tunneling voltage applied to the tip which enhances the transmission of RF-frequencies. To prevent the piezo tube from damage during sample exchange, there is a stabilization plug in the center of the tube as labeled in Fig. 1(c) . When the coarse approach is fully retracted, the plug slides into a macor counter cone, which is glued directly to the sample holder and counteracts the lateral forces during the exchange.
Secondly, the tunneling voltage is guided towards the tip by an RF-coaxial cable with cut-off frequency f -3 db = 18 GHz. Applying the voltage to the tip rather than the sample avoids complex RF-optimized sample designs as long as the sample is well grounded capacitively. To allow in-situ tip exchange, the coaxial cable is terminated by the SMP-type right angle plug shown in Fig. 1(b) , which features a cut-off frequency of f -3 db = 40 GHz. The plug is fixed to the back of the microscope body. The right angle counter jack, shown in Fig. 1(a) , is mounted on a modified standard tip carrier with the short tunneling tip (2 mm) glued to the center conductor of the jack. The whole tip assembly can be exchanged as plug-in board in-situ using a wobble stick. Noise measurements of an identical sample stage performed in UHV revealed a znoise of 2 pm RMS.
The pulse measurement setup is shown in Fig. 2 consisting of a pulse pattern generator (PPG) 9 and a lock-in amplifier 10 . The PPG has two independent output channels which provide voltage pulses of up to 2 V at 50 Ω and a full width at half maximum (FWHM) measured to go down to 120 ps (nominally 100 ps). The channels can be internally delayed and are summed by a resistive power combiner at the output of the PPG. A second power combiner adds the bias voltage of the STM electronics to the voltage pulses before the signal is guided to the tunneling tip by the RF cable. The reflection of the pulses from the tunneling gap is mostly absorbed by the power combiner.
11 The resulting tunneling current is first amplified by 10 9 V/A at a bandwidth of 1 kHz and then analyzed by the feedback electronics and the lock-in amplifier simultaneously. In pulse STM operation, the PPG sends two continuous pulse trains, a "pump" pulse train and a "probe" pulse train, to the junction, modulating the time delay between them with a fixed reference frequency to allow lock-in detection. During the first half of a modulation period the delay between pump and probe pulses is set to the time delay of interest, which will be swept during a time resolved measurement. During the second half period the time delay is set to a value at which the probe pulse is separated as far as possible from the pump. The lock-in amplifier, thus, displays a value proportional to the average excess current generated by the Setup for pulsed STM measurements: Pulse pattern generator (PPG) generates "pump" (CH1) and delayed "probe" (CH2) voltage pulses, which are summed by a power combiner (+). The time delay of CH2 is modulated with a reference frequency to enable lock-in detection. The second power combiner adds the bias voltage provided by the STM electronics. The RF coaxial cable guides the signal to the tip of the microscope which is unshielded on the last 2 mm. The sample is connected via low frequency wiring to an I-V -converter with bandwidth 1 kHz and gain 10 9 V/A. For frequencies exceeding the bandwidth of the preamplifier the circuit is shunted by the parasitic sample-ground capacitance (labeled "shunt capacitance"). The signal of the I-Vconverter is fed back into the STM electronics and simultaneously into the input channel of the lock-in amplifier. For pulse superposition measurements (Fig. 3 ) the lock-in output is displayed as a function of pump-probe delay.
probe pulses at the time delay of interest. The phase of the lock-in is optimized to the resistive signal by setting it 90
• off the phase providing the maximum capacitive signal, which is recorded with a 5 ± 2 nm withdrawn tip.
The time resolution of a pump-probe measurement is limited by the width of the voltage pulses directly at the tunneling junction.
2 It cannot be measured directly by an oscilloscope without affecting the voltage drop across the junction. Thus, one has to use a different approach. Figure 3(b) shows the result of a pulse superposition measurement on highly oriented pyrolytic graphite (HOPG) under ambient conditions. The acquired lock-in voltage V lock-in is shown as a function of the time delay ∆t between the two pulse trains. The pulses as measured by an oscilloscope directly connected to the second power combiner (see Fig. 2 ) are displayed in Fig. 3(a) . They have a full width at half maximum (FWHM) of 120 ps and an amplitude of 121 mV (nominally 2 V) at the 50 Ω input impedance of the oscilloscope. The attenuation originates from the two resistive power combiners. The voltage amplitude at the tunneling junction is presumably larger due to its higher impedance. We estimate the factor by measuring the same dc-voltage with the oscilloscope and a 10 MΩ input impedance voltmeter leading to a factor of 1.83. The tunneling junction consists of a PtIr tip above a flat HOPG terrace produced by cleavage. The tip is stabilized at a bias voltage of V bias = 54 mV and a tunneling current of I set = 500 pA in order to characterize the junction by the I(V ) curve shown in the inset of Fig  3(b) . The current rises non-linearly with increasing voltage, i.e. I(V ) offers a positive curvature. Then, the PPG output is enabled and the lock-in value is recorded during a time delay sweep. The feedback loop of the STM electronics is kept enabled. We apply a 300 Hz low pass filter to the feedback current so that the feedback responds to the slow thermal drift and piezo creep, but not to the 1403 Hz delay modulation frequency.
The non-linear I(V )-characteristic of HOPG leads to a gain in average current per cycle when pump and probe pulses start to overlap (∆t → 0 s) as seen in Fig. 3(b) .
2,5
In particular, the current at twice the voltage originating from full pulse overlap (∆t = 0 s) is, due to the positive I(V ) curvature, larger than twice the current at the peak voltage of a single pulse. Thus, the time averaged current of this "overlap pulse" is higher than the time averaged current of the separated pulses. Since the average current of the separated pulses is subtracted by the lock-in amplifier, Fig. 3(b) only shows contributions from the excess current.
In order to estimate the time resolution, we calculate the expected lock-in output using the measured pulse shape of Fig. 3(a) and the measured correction factor of 1.83. We take one period of the voltage train V (t), convert it into the resulting current train I(t) using the measured I(V ) curve (inset Fig. 3(b) ) and determine the time average of this current train. This calculation is done twice for each time delay ∆t, once with the desired time delay and once with the time delay set to maximum pulse separation. The mean value of these two average currents is chosen to be identical to I set and the difference between them describes twice the amplitude of the oscillating current signal at the input of the lock-in amplifier. The resulting V lock-in (∆t) curve is shown as solid line in Fig. 3(b) . It exhibits excellent agreement with the measured data in the region of overlap (average deviation 4 % at ∆t = ±60 ps), but does not reproduce the additional oscillations which probably originate from remaining reflections of the voltage pulses within the circuit. Hence, we firstly deduce that the voltage pulses at the tunneling junction are nearly identical to the ones provided by the PPG, respectively, we establish a time resolution of 120 ps. Neither the cabling inside the STM, the remaining inductance of the short tip, nor the poorly RF-matched sample does limit the time resolution further. Secondly, we deduce that the DC conductivity of the tunneling junction determines the time-resolved signal, which connects it to the combined density of states of tip and sample.
12
The noise level of the measurement depends on the current noise at the modulation frequency and the time constant of the lock-in detection chosen to be 300 ms. The former can be reduced from the measured 8.2 pA at 2 kHz bandwidth by about a factor of ten using lowtemperature UHV STM.
6 At ambient conditions, we could reduce the voltage amplitude by a factor of five with respect to Fig. 3, i. e. 44.3 mV pulse amplitude at the junction, still getting a signal to noise (S/N) ratio of 3 for the lock-in value at pulse overlap.
11 This implies that changes tunneling current of 50 pA can definitely be resolved at 120 ps time resolution, 11 which most likely gets further improved at low-temperature.
Finally, we demonstrate atomic resolution in pulsed mode. Therefore, we image an 8.6 nm x 8.6 nm area of HOPG (Fig. 4(a) ) and simultaneously acquire the lock-in output in PPG mode as a measure of the local non-linearity of the I(V )-curve. Since the current image (Fig. 4(b) ) still shows atomic contrast, we firstly recorded a lock-in image without pulse application, which does not show atomic contrast (Fig. 4(c) ) . (f) show lock-in images on the same position with varying ∆t using pulses of a measured width of 133 ps and pulse height at the junction of 307 mV. For a time delay of 0 ps and 60 ps the images show atomic contrast in the real space images with a visibility of 5 % and 8 %, respectively, while the contrast disappears at 120 ps , where the pulses hardly overlap. This result becomes even more striking within the autocorrelation images (insets), which exhibit atomic rows at ∆t = 0 ps and ∆t = 60 ps, but not at ∆t = 120 ps. Thus, the applied voltage pulses probe at an atomic scale and there is no obvious reason, that this would change for really time-varying signals. The relatively large contrast of 5-8 % combined with the low error bar of 4 % in the simulation of Fig. 3(b) implies that spatial variations in the local curvature of I(V ) cause the contrast in line with previous arguments. 5 Since spatial variations in I(V ) are well-known to be caused by the local density of states of the sample, 12 we can conclude that we probe sample properties at 120 ps time resolution. This is further substantiated in the supplement.
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In conclusion, a home built RF-STM is presented, where the tip is directly connected to an RF-cable with 18 GHz bandwidth. We demonstrate time resolution of 120 ps while maintaining atomic resolution in pulsed mode. This is the highest temporal resolution with demonstrated atomic resolution. We maintained time resolution down to 45 mV pulse amplitude implying a sensitivity for current changes down to, at least, 50 pA. While the measurements where performed at ambient conditions, the STM is compatible with UHV, low temperature, and magnetic field. Importantly, the spatiotemporal resolution is achieved without any additional restrictions to the sample with respect to standard STM, thus giving atomically resolved access, e.g., to charge carrier dynamics or mechanical motion of nano membranes 13 .
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